We describe a theoretical methodology for screening potential gate dielectric materials.
I. INTRODUCTION
The International Technology Roadmap for Semiconductors (ITRS) indicates that the strategy of scaling complimentary metal-oxide-semiconductor (CMOS) devices will come to an abrupt end around the year 2012 [1]. The main reason for this will not be the lithography resolution problems as was anticipated, but rather the leakage current through the silicon dioxide gate with a thickness below 2 nm.
In other words, the insulation of the oxide layer breaks down for a very thin layer [2] . The proposed to this day, e.g., SrTiO3 [4] [5] [6] , ZrO2 [7] , HfO2 [8] , TiO2 [9] , or Ta205 [10] , are insulators that display the high lattice polarizability in the crystalline form due to a soft phonon mode. These materials, however, present a different set of challenges. First and foremost, one needs to suppress the oxidation of Si. Secondly, the thermodynamic stability in contact with Si is a problem [10] . Third, in most transition metal oxides the bottom of the conduction band is derived from the d-states of the transition metal which are close in energy to the conduction band of Si. This results in a small or negative conduction band offset [11] . In addition, the dielectric constant is typically reduced in the oxide thin films, and there are indications that this reduction is caused by the softmode hardening [12] . This may have severe implications for the feasibility of achieving a high dielectric constant, particularly in amorphous films.
The empirical search for a new gate dielectric is rather costly, and theoretical modeling could prove to be very helpful. In particular, theory provides the information on the chemical bonding, structure, and stability of the Si-dielectric interface, and band offsets. An estimate of the low bias leakage current through the gate, and how it is affected by the atomic structure would be of great interest in this ongoing investigation. In this paper we present a possible methodology that may be used to guide the experimental effort. Using a theoretical atomic level Si-SiO2 model system, we demonstrate how the band offset may be computed. We study the role of nitrogen at the interface. We investigate the leakage current through an ultra-thin MOS structure using the quantum transmission probability that when intergrated produces an I-V characteristics. A combination of the density functional quantum molecular dynamics (QMD) and ballistic transport theory are employed. To our knowledge, this is the first entirely first principles theoretical analysis of this problem.
II. PRELIMINARY THEORETICAL CONSIDERATIONS
We now discuss our approach to the leakage current calculations in nanoscale devices such as ultrathin MOS structures. As the size of the electronic devices continues to shrink, and the computational power of the electronic structure methods steadily increases, we now can compute quantum mechanically both the atomic structure of a very small device and its transport characteristics such as an I-V curve. The electronic structure methods allow to perform predictive calculations for systems containing hundreds and even thousands of atoms. This translates into a few nanometer length scale, and we could take advantage of a simple ballistic transport theory [13] .
In this theory a current calculation is reduced to an effective one-dimensional scattering problem. For example, the leakage through a MOS structure is described as tunneling through a potential barrier [14] . [19, 20] . The small parameter in the Luttinger-Kohn theory that allows the use of the envelope function and the effective mass itself is of the order of (a/ai)2, where a is the lattice constant, and the ai is the extent of the "defect" state [21] , which in our case is the oxide thickness. When the thickness of the gate dielectric (the scatter) is only 1 nm the effective mass approximation does not hold (the lattice constant of Si is 0.535nm). Therefore, the band structure-derived effective mass may be used only with extreme care at this length scale. We will describe two complementary methods of estimating the band offset at the interface, that gives the barrier height. For the transport calculations we follow the approach of Fisher and Lee which relates the barrier transmission to the Green's function for the scatering region [22] . We generate an atomistic model of the oxide layer, which will be referred to as "defect" to represent a scattering region. Two semi-infinite perfect Si regions with the same cross section as the "defect", representing the leads are considered attached on both sides of the "defect" structure. The problem is infinite in three dimensions. Applying periodic boundary conditions in two transverse directions we reduce it to a 1D propagation in the direction normal to the interface. The local orbital basis (see below) allows us to use the L6wdin representation of the Hamiltonian, and the geometry of the effective 1D problem is reflected in the matrix. The semi-infinite leads are treated via corresponding self-energy operators related to the lead's Green's function. This is calculated using a slab-recursion method [23] . Due to the finite range of the basis orbitals the slab-slab coupling in the leads and the defect-lead coupling are treated exactly. In our formulation neither the effective mass nor the electron velocity appear explicitly in the formalism. Instead, a spectral density operator, which can be defined regardless of the system size, plays their role.
Structural calculations have been performed by using a local orbital first principles quantum molecular dynamics (QMD) method designed for applications to large systems and implemented in the Fireball package [24] . The method employs density functional theory within the local density approximation and hard norm-conserving pseudopotentials. The simplified energy functional is a self-consistent generalization of that due to Harris. The total electron density is approximated by a sum of densities of fragments, e.g., atoms that are not necessarily neutral. The method is entirely real space (except in a simple Ewald summation). A short-range non-orthogonal local orbital basis of Fireball orbitals of Sankey and Niklweski offers a good variational flexibility combined with a significant computational advantage [25] . Integrals over the Brillouin zone are evaluated using the special k-points of Monkhorst and Pack. If the local energy minimum is sought a fictitious friction force is introduced to guide the system to the minimum energy configuration. Numerous recent applications of the technique to a vareity of materials problems are reviewed in Ref. [26] .
III. STRUCTURE FROM QUANTUM MOLECULAR DYNAMICS
We have theoretically built several model MOS structures. As a starting point we use theoretical structures of the Si-SiO2 interface generated by the "direct oxidation" method described in Ref. [27] .
Briefly, the structure consists of a silicon slab with an oxide layer "grown" on it in a QMD simula- [28] . However, the properties of these materials are not very well understood. We investigate an oxynitride layer at the Si-SiO2 interface and the effect of nitrogen on the band offset and leakage. In order to build a nitrided "defect" we first introduce nitrogen as nitric oxide NO at the SiSiO2 interface with the dangling bonds, and relax the structure. The details of these calculations, and the experimental verification of the proposed structures are reported in Ref. [29] . The total nitrogen concentration in the sample discussed in the following is 6.78 1014cm -. T.he Si-SiONSiO2 structure is shown in Figure 1 local strain via a QMD anneal. The resulting asymmetric Si-SiON-SiO2-SiOx-Si structure has no dangling bonds, and the thickness of the tunneling region is similar to that of a nitrogen free sample described above.
To summarize, we have described a method to produce atomistic level models of MOS structures that could be used to calculate band offsets and transport properties.
IV. BAND OFFSET ESTIMATES
We now briefly describe the "reference energy method" introduced in Ref. [27] , and used here to estimate the valence band discontinuity at the interface. The technique is a local orbital formulation of the method due to Van de Walle and Martin [30] . We use the average of the expectation value of the Hamiltonian calculated for the valence (3s or 3p) states of Si, es(i)= H(s)aver and
ep(i)--H(p)aver (H(s)= (s(i)[H[fS(i)) and H(p)= (hp(i)[HlfSp(i)) respectively) as a reference energy
against the valence band top of the bulk material. This is similar to a technique adopted in all-electron calculations for core level shifts [31] . The spacial dependence of H(s) and H(p) across a 20 slab of silicon with two 2 reconstructed surfaces is shown in Figure 2 . It is remarkable how fast both curves converge to their bulk values.
In the following, we will use e as the reference energy.
The Si 3s valence state matrix element H(s) plotted across the model heterojunction along the line perpendicular to the plane of the interface (Si left, SiO2 right) is shown in Figure 3 . Crosses correspond to the "as grown" sample, and diamonds correspond to the "annealed" sample. The presence of the overlap is due to the nonorthogonality of the basis. The partial density of states is computed for the atoms in the different layers of the interfacial model and provides the energy-position correlation required for this analysis. The details of the calculation could be found in Ref. [29] . The valence band offset of 4.25eV
is found in close agreement with the "reference energy method" analysis.
We repeated the analysis described above for the N containing sample. The valence band offset of 4.67 eV is computed using the "reference energy method", and 4.7 eV is obtained using the direct DOS analysis. The 0.32 eV increase of the valence band offset after the nitridataion is mainly due to the strain relaxation caused by nitrogen in the interfacial layer (AERv (SiO2) 
V. TRANSPORT CALCULATIONS
A detailed discription of the ballistic conductance calculation within a local orbital formalism will be reported separately [32] . Here we briefly outline the salient features of our approach. We identify the low-bias leakage through the ultrathin MOS structure with the carrier tunneling through a potential barrier caused by the band discontinuity at the silicon-dielectric interface. Therefore, we need to calculate the transmission probability for the electron traveling from the left lead to appear in the right lead after being "scattered" by a thin layer of the oxide or "defect". Mathematically, the problem is most conveniently dealt with within the framework of the sca_ttering theory. In the eigenvector representation, the barrier transmission function is given by:
T(E) I<Zltlr>l=6(g gl)6(g gr), (6) lr where ]/)and Ir) represent the unperturbed states of the semi-infinite leads without the coupling to the "defeact" (the choice of the "defect" layer will be discussed later), 5 functions ensure the energy conservation, and represents the so-called tmatrix which is defined as: t= v + vuv. (7) Here V describes the interaction between the "defect" and the leads. This interaction could be written as v + va , (8) where Vai is the coupling between the "defect" and the leads. We use the short range basis orbitals, the cutoff radii for the O and Si orbitals are chosen to be rc 3.6, and 5.0 Bohr, respectively, that results in a third nearest neighbor model for Si. We define the "defect" as the oxide layer sandwiched between two sub-oxide regions and four atomic layers of Si on each side. With this choice of a "defect" structure, it can be shown [32] that the transmission is given by:
where F is defined as: (10) and we used the following identity:
6(E-Ei)li)(il-6(E H) m i. (11) Note, that Eq. (9) is an operator expression independent of the basis. A very similar expression can be derived for the non-orthogonal basis [32] . One needs to keep in mind, however, that the trace in this case is defined as TriO] (alOS-11).
Fortunately, because the "defect"-lead coupling matrix is so sparse, we are only interested in the sub-matrix Ga of the total Green's function, describing the "defect". This portion of the Green's function can be written as:
I
Ga E_ H Et E (13) where Ha is the unperturbed "defect" Hamiltonian, and Ei is the self energy describing the coupling of the "defect" to the leads: Y] VGi s Vai (14) From Eq. (14) it follows that we only need to know the "surface" block G/ of the Green's function matrix of a semi-infinite lead to compute the self-energy. In the non-orthogonal basis employed here, the Hamiltonian is a band matrix. Defining a slab as four atomic layers of Si we ensure that there is no interaction between the slabs beyond the nearest neighbour interaction. This results in an effective "tridiagonal" matrix similar to that for a 1D chain. Now the "surface" block is easily obtained by recursion. Also note, that by including a sufficient number of Si layers into the "defect" structure the coupling of the lead to the "defect" Vdi, is made essentially the same as the slab-slab coupling within the lead. The actual silicon-oxide coupling is "absorbed" in the "defect" Hamiltonian, and is treated exactly within the present formalism. We have applied the described formalism to the gate leakage problem using our ultrathin MOS models as "defect" structures. In Figure 5 we show the transmission probability through two previously described MOS structures. One is a nitrogen free sample with dangling bonds at the interface, and the other contains 6.78 x 1014 cm -2 nitrogen at the silicon-silicon dioxide interface.
Note that the electron leakage is higher for the nitrogen-containing sample due to the increase in the density of states at the conduction band edge described in the previous section. That suggests that nitridation of the oxide layer may result in a higher leakage due to the segregation of nitrogen to the oxide-silicon interface in the case of high the nitrogen concentration.
VI. CONCLUSIONS
We have described a theoretical approach suitable for screening of potential gate dielectrics. Using a combination of the density functional quantum molecular dynamics and ballistic transport theory we investigate the leakage current through ultrathin MOS structures. To our knowledge, this is the
